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ABSTRACT
Early-type galaxies (ETGs) are composed of two distinct populations: high-mass and
low-mass, which are likely to be built via gas-poor merging and gas-rich merging/accretion,
respectively. However, it is difficult to directly associate low-mass ETGs with gas-rich pro-
cesses, because currently they are gas poor with no signs of ongoing star formation.We report
a discovery of an ETG (SDSS J142055.01+400715.7) with M∗=10
10 M⊙ that offers direct
evidence for gas-rich merging as the origin of low-mass ETGs. The integrated properties
of the galaxy are consistent with a typical low-mass ETG, but the outer and inner regions
show distinct dispersion- and rotation-dominated kinematics, respectively. There are some
tidal features surrounding the galaxy. These two facts suggest very recent galaxy merging.
Furthermore, the inner disk harbors on-going star formation, indicating the merging to be gas
rich. This type of galaxy is rare but it may be a demonstration of the role the transient phase
of gas-rich merging plays in making a low-mass ETG.
Key words: galaxies: elliptical and lenticular, cD - galaxies: star formation - galaxies: indi-
vidual: SDSS J142055.01+400715.7
1 INTRODUCTION
The Hubble sequence of galaxies as first proposed by Hubble
(1926, 1936) divides galaxies into two types: late-type and early-
type galaxies (ETGs), characterised by whether or not they con-
tain spiral features. ETGs are traditionally classified into ellipticals
and S0s depending on the presence of a disk, but the photometric
analysis of galaxies’ isophotes suggests that some ellipticals can
still contain weak disk components (Bender et al. 1989), while in-
clination effects can lead to the mis-classification of some S0s as
ellipticals (Jorgensen & Franx 1994).
Among ETGs, high-mass (M∗ > 10
11 M⊙,MV . -21.5) and
low-mass galaxies are found to be two distinct galaxy populations.
Massive ETGs always have boxy and triaxial isophotal shapes
while low-mass ones are disky (Kormendy 1999; Kormendy et al.
2009) and axisymmetric (Cappellari et al. 2013a). In terms of the
radial profile of the optical light, massive ETGs have relatively
large Se´rsic indices at the outer radius (n > 4 Krajnovic´ et al.
2013a) but show a deficit at the inner radius, known as the core.
⋆ E-mail:yong@nju.edu.cn
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On the other hand, low-mass ETGs show relatively small Se´rsic
indices at the outer radius (n 6 3 Krajnovic´ et al. (2013a)), and
are core-less with either a power-law inner profile or even extra
nuclear light (Kormendy 1999). Observations further indicate that
some central components have younger stellar populations than the
rest of the galaxies (Lauer et al. 2005; McDermid et al. 2006).
With integral field unit (IFU) spectroscopic observations such
as the SAURON survey (de Zeeuw et al. 2002) and ATLAS3D
project (Cappellari et al. 2011a), it is possible to classify ETGs
according to their 2D kinematic properties. For example,
Krajnovic´ et al. (2006, 2011) found that ETGs can be separated
into “regular rotators” with a regular velocity field and “non-regular
rotators” dominated by random motion, associated with high-
mass and low-mass ETGs, respectively. Emsellem et al. (2007)
used the apparent angular momentum parameter to separate ETGs
and found that massive ETGs rotate slowly (slow rotators) and
low-mass ellipticals rotate faster (fast rotators). Cappellari et al.
(2011a,b) argued that fast rotators form a smooth parallel sequence
to spiral galaxies on the luminosity/mass vs. size plane.
It is suspected that the cores of massive ETGs form through
dissipationless dry mergers in which supermassive black holes
sink into the galaxy center to eject stars and form a nuclear core
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(Kormendy et al. 2009; Cappellari 2016; Krajnovic´ et al. 2013b),
while extra nuclear light in low-mass ETGs is produced by gas-
rich merging or accretion, in which a nuclear starburst is trig-
gered. However, all ETGs, remnants of both gas-poor and gas-rich
merging, lack on-going star formation since even in the case of
gas-rich merging the gas has been dispelled or consumed, ceasing
star formation. This makes it difficult to directly associate a low-
mass ETG with gas-rich processes. In the MaNGA project (Map-
ping Nearby Galaxies at Apache Point Observatory ), we identi-
fied an ETG SDSS J142055.01+400715.7 (RA=14h20m55.014s &
DEC=+40d07m15.70s), which may be a living example that gas-
rich merging is playing a major role in forming a low-mass ETG
with extra nuclear light.
In section 2 we briefly introduce theMaNGA project, the char-
acteristics of the galaxy we focus on and the methodology. In sec-
tion 3 we list the physical properties of this galaxy. Followed the
discussion in section 4, the summary and conclusion is in section
5.
2 DATA ANDMETHODOLOGY
MaNGA (Bundy et al. 2015; Law et al. 2015) is a part of Sloan
Digital Sky Survey IV (SDSS-IV) (Blanton et al. 2017). This sur-
vey has started in July of 2014 on the 2.5m telescope at Apa he
Point Observatory (APO) (Gunn et al. 2006). Its aim is to investi-
gate the internal kinematic structure and composition of gas and
stars in an unprecedented sample of 10,000 nearby galaxies in the
redshift range 0.01<z<0.15 through IFU spectroscopic observa-
tions (Wake et al. 2017). The MaNGA instrument consists a set of
17 hexagonal fiber bundle integral field units that vary in diame-
ter from 12 arcsec (19 fibers) to 32 arcsec (127 fibers), with 12 7-
fiber “mini-bundles” for spectrophotometric calibration and 92 sin-
gle fibers for sky subtraction (Drory et al. 2015; Yan et al. 2016a).
All fibers are fed into the dual beam BOSS spectrographs, covering
a wavelength range from 3600A˚ to 10300A˚ with spectral resolu-
tion R∼2000 (Smee et al. 2013). The raw data were reduced though
data reduction pipeline described in Law et al. (2016).
The SDSS J142055.01+400715.7 is located at z=0.01754, be-
ing a member of the primary sample with the coverage out to 1.5
Re (Yan et al. 2016b). The FWHM of the reconstructed PSF of our
data cube is ∼2.4 arcsec, corresponding to a physical scale of 0.86
kpc. We have performed the following measurements:
IRAF Ellipse fitting: We used the “Ellipse” procedure in
IRAF1 to obtain the 1-D profiles of the galaxy in g, r and i bands.
The contamination of companion galaxies and foreground stars in
the field were removed automatically. We then fitted the profiles
with two Se´rsic models (Se´rsic 1968). To take the point spread
function (PSF) effect into account and get the intrinsic Se´rsic in-
dices, we simplified the PSF as a single Gaussian function and con-
volved it with two Se´rsic models, then used this convolved model
to fit these 1-D profiles.
λ − ǫ diagram: Emsellem et al. (2007) proposed a simple
parameter λR to trace the stellar angular momentum of a galaxy.
For the IFU data, the λR is given by
λR ≡ 〈R|V |〉〈R√V 2 + σ2〉 (1)
whereR, V and σ are the circular radius, stellar velocity and stellar
1 The IRAF homepage is here: http://iraf.noao.edu.
velocity dispersion, respectively. The measurement is flux weighted
and summed within the effective radius. A large λRe corresponds to
a fast rotator while a small λRe indicates a slow rotator. By compar-
ing the λRe with the apparent ellipticity ǫ, Emsellem et al. (2011)
proposed an empirical diagnostic to distinguish fast and slow ro-
tators. We measured the λRe of this galaxy based on the MaNGA
data analysis pipeline (DAP; Westfall et al. in preparation) maps.
KINEMETRY: In order to quantify whether the galaxy
can be classified as a regular rotator or a non-regular rotator,
Krajnovic´ et al. (2006) proposed KINEMETRY2 with truncated
Fourier expansion to fit the velocity fields of a galaxy with the IFU
data. Here we employed KINEMETRY to investigate the different
kinematic properties varied with radius.
3 RESULT
3.1 The global galaxy properties
The galaxy has a total stellar mass of 1010 M⊙ (Salim et al. 2007).
Fig. 1 (a) presents the optical false-color image of the galaxy, which
clearly indicates that it is an ETG with no sign of spiral arms. The
central region of the galaxy is bluer than the outer part.
The false-color image also shows apparent extra nuclear light
relative to the outer part of the galaxy. To confirm this quantita-
tively, we obtain the 1-D radial profiles and fit them with Se´rsic
profiles (Se´rsic 1968). As illustrated in Fig. 2, the outer part of
the galaxy has a Se´rsic index of around 2.3-2.5, which is consis-
tent with an ETG morphology. The inner part shows apparent ex-
tra light above the inward extrapolation of the outer Se´rsic profile.
As mentioned previously the presence of such extra nuclear light
is typical for low-mass ETGs (Kormendy 1999; Kormendy et al.
2009; Krajnovic´ et al. 2013b).
The IFU observations further allow us to investigate the in-
tegrated kinematic properties of the galaxy. Fig. 3(a) shows the
stellar velocity map. To evaluate globally whether it is a slow or
fast rotator, we measure λR within 1.0Re (Emsellem et al. 2007;
Cappellari 2016) and compare it with the apparent ellipticity ǫ. As
shown in Fig. 3(b), the galaxy lies above the dividing line in spite of
measurement uncertainties, indicating that it is a fast-rotator, again
consistent with low-mass ETGs.
3.2 An inner rotating disk with ongoing star formation
The inner and outer regions of the galaxy show distinct kinematic
properties. As shown in Fig. 3 (a), the nuclear region containing
the extra light is clearly a rotating disk while the outer part is dis-
persion dominated. This is further demonstrated in the λRe vs. ǫ
plane as shown in Fig. 3 (b): the inner component is above the di-
viding line between slow and fast rotators, while the outer compo-
nent is below the line. The galaxy thus belongs to the type of ETGs
with kinematically decoupled cores as found in previous surveys
(Kormendy et al. 2009; Krajnovic´ et al. 2011; Chen et al. 2012). As
it is impossible to produce such cores through any internal process,
the presence of the kinematically decoupled core is proof of galaxy
merging. We further used the result of the KINEMETRY to quan-
tify the kinematic properties of both parts. As shown in Fig. 4, in
the inner region the positon angle (P.A.) of the best-fitted ellipse
is almost constant, and the velocity of each ellipse dominates over
2 The IDL KINEMETRY routine can be found on
http://davor.krajnovic.org/idl.
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the dispersion so that k1/k5 is small. Furthermore, from the rota-
tion curve in the inner region, we confirm that this can’t be a bar
since it doesn’t exhibit a rigid-body rotation (Kormendy 1982). In
contrast, ellipses orient randomly in the outer region and the ve-
locity drops to almost zero with k1/k5 increasing rapidly, which
indicate the dominance of dispersion. We also used the methodol-
ogy in Tabor et al. (2017) to make a kinematic decomposition of
the galaxy, and confirmed that the inner part is disk like while the
outer part is bulge like.
Fig. 1 (b) is the g band image from BASS (Beijing-Arizona
Sky Survey) data release 2 (Zou et al. 2017, Sub.) which is 0.87
mag deeper than the SDSS. It covers 227 × 227 arcsec2 FOV,
about twenty times bigger than the coverage of the Fig. 1 (a). There
are some faint tidal features around the host galaxy. After smooth-
ing the image following the method in Miskolczi et al. (2011), the
tidal features are more obvious, as exhibited in Fig. 1 (c). These
tidal features further indicate the recent or ongoing merger events
(Martı´nez-Delgado et al. 2010; Miskolczi et al. 2011).
As shown in Fig. 3 (a), we defined the inner region with a
major axis of 4.33” (1.54 kpc) and an axis ratio of 0.5. Following
the methodology described in Salim et al. (2007) and Chen et al.
(2010), we derived the stellar M/L of inner region by comparing the
five bands colors with the grid of CB08 (S. Charlot & G. Bruzual
2008, in priv.) model galaxies colors. Then we obtained the stel-
lar mass of the inner region is 109.5 M⊙, accounting for 30% of
the total stellar mass of the galaxy. This large fraction suggests the
merger event which formed the disk is likely to have been a major
merger.
In contrast to the kinematically decoupled cores in other el-
liptical galaxies, the one in SDSS J142055.01+400715.7 harbors
ongoing star formation, as indicated by the spatially resolved BPT
diagram (Baldwin et al. 1981; Kewley et al. 2001; Kauffmann et al.
2003). As shown in Fig. 5, the rotation-dominated disk is filled
with star forming regions, while the outer region has LIER-like
(Belfiore et al. 2016) emission likely excited by old stellar popu-
lations. The star formation rate is calculated from the H-α emis-
sion, accounting for dust extinction which we calculated using
the Balmer decrement along with the Calzetti’s attenuation curve
(Calzetti et al. 2000). As shown in Fig. 5 (c), the inner disk is lo-
cated within the main sequence of star-forming galaxies, indicating
that its level of star formation is more like that of a spiral galaxy
than a starburst. This presence of ongoing star formation offers di-
rect evidence that the merging responsible for this complex galaxy
structure must be gas rich.
4 DISCUSSION
While it has long been suspected that low mass ETGs form through
gas-rich merging/accretion, it is been difficult to associate them di-
rectly with gas-rich processes because the vast majority of ETG
remnants have long since ceased the phase of ongoing star forma-
tion indicative of these processes. We have found a galaxy that ap-
pears to be in the final phase of gas-rich merging, the result being
a typical low-mass ETG. While globally it is a fast-rotating ETG
with extra nuclear light, the distinct kinematic features of the inner
and outer parts and the tidal features surrounding the host galaxy
suggest galaxy merging as the origin of this galaxy, and the ongo-
ing star formation in the nuclear region further indicates that the
merging is gas rich. The cold gas mass can be roughly estimated
with the star formation law that is the relationship between the star
formation rates and gas masses (Kennicutt 1998). We first estimate
the oxygen abundance to be Solar so that the star formation law of
spiral galaxies can be used (Shi et al. 2014). Based on the equation
by Shi et al. (2018), the derived cold gas mass is about 108.13 M⊙.
The gas to stellar mass ratio is thus small, only about 1%. This may
be because the object is already at the final stage of merging so that
the majority of the gas has been expelled or consumed.
The galaxy also offers direct evidence that the extra nuclear
light is contributed by star formation activity in the nuclear regions
(e.g. Kormendy 1999). The spatial extent of the extra nuclear light
as seen in the 1-D radial profile is more or less the same as that of
star-formation regions, as seen in the spatially-resolved BPT dia-
gram (Fig. 5). The extra nuclear light covers a region with radius
around 0.7-1.0 kpc in the optical band (Fig. 2 and Fig. 6 (b)), which
is much larger than observed in other ETGs (a few×0.1 kpc) (Ko-
rmendy et al. 2009). This is likely caused by the young age of the
stellar population in the extra light so that the mass-to-light ratio is
smaller for the inner part.
Several studies have found that some ETGs exhibit ongo-
ing star formation. These ETGs often contain gas and stellar mis-
alignment, indicating fresh gas accretion from outside (Ilyina et al.
2014; Sil’chenko et al. 2014). However, they are different from the
galaxy in the current work. Those galaxies are already ETGs and
acquire a minor amount of external gas to trigger moderate star for-
mation, sometimes referred to as rejuvenation. On the other hand,
our galaxy lies in the star forming main sequence, indicating gas-
richmerging. In Fig. 6 we plotHδ−Dn4000 diagram (Balogh et al.
1999) for different radii. The best fitting rings are extracted from
the “ellipse” task in IRAF. There is a monotonic decrease out-
ward, indicating an outside-in quenching scenario. This could be
evidence of the final phase of gas-rich merging as it produces a
low-mass ETG.
5 CONCLUSION
We report a discovery of an early-type galaxy in MaNGA that of-
fers direct evidence for gas-rich merging as the origin of low-mass
ETGs. The integrated properties of the galaxy are consistent with
a typical low-mass ETG with M∗=10
10 M⊙, no spiral arms, fast
rotating kinematics and an outer Se´rsic profile index of 2.1-2.4.
However, the outer and inner parts show distinct dispersion
dominated and rotation dominated kinematics, respectively. And
the broad-band image shows some tidal features surrounding the
galaxy. These all suggest recent galaxy merging. Furthermore the
inner disk harbors on-going star formation as indicated by the BPT
diagram, which suggests that the merging is gas rich. The type of
the galaxy is rare but it may be a demonstration of the role that
gas-rich merging plays in making a low-mass ETG.
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Figure 1. a: The false color image of SDSS J142055.01+400715.7, the hexagon shows the coverage of MaNGA bundle; b: The BASS g band image of this
galaxy covering a field of 227 × 227 arcsec2 ; c: The smoothed image of Fig. 1 (b) adopting the procedure from Miskolczi et al. (2011).
Figure 2. The radial profiles of the object in g, r and i bands. The symbols are fitting points from ellipse task in IRAF. The dashed lines are simplified Gaussian
PSF and the blue and red lines are two intrinsic Se´rsic profiles. The Se´rsic indices are listed in each panel. The green lines are the sum of these two Se´rsic
profiles after convolving with the PSF.
Figure 3. a: The stellar velocity map of the object. Ellipse encloses the inner region we chose manually; b: The location of the object on the λRe vs. ǫ plane.
The solid black line is the the critical line to distinguish fast and slow rotators proposed by Emsellem et al. (2011), which is λRe = 0.31 ×√ǫe. The purple
line is the fast/slow rotator division proposed in Cappellari (2016) to reduce the risk of missing very round regular rotators.
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Figure 4. a: The stellar velocity map of the object overlaid with the best-fitted kinematic ellipses. The blue ellipses correspond to the radius smaller than inner
part chosen from fig. 3 (a). b: The fitting result of the KINEMETRY. The blue line is the boundary of the inner region.
Figure 5. a: The BPT diagram for individual pixels. the dash-dot line is the theoretical “maximum starburst line” proposed by Kewley et al. (2001). The
dashed line is proposed by Kauffmann et al. (2003) to rule out possible composite galaxies whose spectra contain significant contributions from both AGN and
star formation. b: The spatially resolved BPT map. The colors correspond to those in Fig. 5 (a). The The red ellipse is the boundary of the inner part. c: The
location of the object on the SFR vs. stellar mass plane. The contours show 100000 samples from SDSS+WISE MAGPHYS CATALOG (Chang et al. 2015).
Figure 6. a: The g band flux map in logarithmic scale. Ten ellipse rings are extracted from “Ellipse” task in IRAF. b: The Hδ −Dn4000 diagram of 10 rings
in Fig. 6 (a). The contour shows 100000 SDSS DR7 galaxies (Balogh et al. 1999; Worthey et al. 1997). The classifications are from Balogh et al. (1999).
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